Novel heterodimeric coiled-coil pairs were selected simultaneously from two DNA libraries using an in vivo protein-fragment complementation assay with dihydrofolate reductase, and the best pair was biophysically characterized. We randomized the interface-¯anking e and g positions to Gln, Glu, Arg or Lys, and the core a position to Asn or Val in both helices simultaneously, using trinucleotide codons in DNA synthesis. Selection cycles with three different stringencies yielded sets of coiled-coil pairs, of which 80 clones were statistically analyzed. Thereby, properties most crucial for successful heterodimerization could be distinguished from those mediating more subtle optimization. A strong bias towards an Asn pair in the core a position indicated selection for structural uniqueness, and a reduction of charge repulsions at the e/g positions indicated selection for stability. Increased stringency led to additional selection for heterospeci®city by destabilizing the respective homodimers. Interestingly, the best heterodimers did not contain exclusively complementary charges. The dominant pair, WinZip-A1B1, proved to be at least as stable in vitro as naturally occurring coiled coils, and was shown to be dimeric and highly heterospeci®c with a K D of approximately 24 nM. As a result of having been selected in vivo it possesses all characteristics required for a general in vivo heterodimerization module. The combination of rational library design and in vivo selection presented here is a very powerful strategy for protein design, and it can reveal new structural relationships.
Introduction a-Helical coiled coils are involved in the oligomerization of a wide variety of proteins. Because of their small size and structural regularity, they have also been used as arti®cial domains to mediate oligomerization of various proteins (Pack & Plu È ckthun, 1992; Pack et al., 1995; Weissenhorn et al., 1997) . Coiled coils consist of two or more amphipathic helices wrapping around each other with a slight supercoil. They contain a characteristic heptad repeat (a-b-c-d-e-f-g) n with a distinct pattern of hydrophobic and hydrophilic residues (Figure 1(a) , for reviews see Hurst, 1995; Hodges, 1996) . The positions a and d, which form the hydrophobic interface between the helices, are usually aliphatic and have a profound effect on the oligomerization state (Harbury et al., 1993 (Harbury et al., , 1994 . The positions b, c, e, g, and f are solvent-exposed and usually polar. The positions e and g, which ank the hydrophobic core, can make interhelical interactions between g i and e et al O'Shea et al., 1993; Zhou et al., 1994; Kohn et al., 1995; Jelesarov & Bosshard, 1996) .
As most naturally occurring coiled coils are homodimeric, synthetic sequences have been designed to promote speci®c hetero-oligomerization (Graddis et al., 1993; O'Shea et al., 1993; Nautiyal et al., 1995; Jelesarov & Bosshard, 1996) . Although progress in understanding many properties, such as stability and heterospeci®city, has been made by cycles of rational design and analysis, several questions are still remaining which cannot be solved by such an approach. Most importantly, these concern the expression properties in hosts such as Escherichia coli and the resistance against proteases. We previously observed that designed coiled coils which behave well as synthetic peptides failed in fusion proteins expressed in E. coli, as they were proteolytically degraded (K.M.A., P. Pack & A.P., unpublished results) . An interesting application for in-vivo selected heterodimeric coiled coils would be the generation of bispeci®c miniantibodies (Plu È ckthun & Pack, 1997; Mu È ller et al., 1998a,b).
To address this challenge we combined the knowledge of various existing rational designs with the advantages of library diversity. This presents a formidable challenge to most of the wellknown selection systems such as phage, bacterial or ribosome-display, as in all these cases a direct selection of two simultaneously varied, unlinked proteins is not straightforward or not possible at all. While the yeast two-hybrid system might in principle be used for this purpose, bacterial expression gives, in general, access to larger libraries because of their more ef®cient transformation. The l-repressor dimerization strategy, which has been applied to a similar problem (Hu et al., 1993; Zeng et al., 1997) , requires additional complex screening and interpretation to distinguish between homo-and heteromerization as well as between dimers and higher-order oligomers. We therefore took advantage of a novel selection system based on protein-fragment complementation that allows simultaneous selection for heterodimers from two libraries in E. coli (Pelletier et al., 1998 (Pelletier et al., , 1999 (Figure 1(b) ). Each library is genetically fused to one of two designed fragments of the enzyme , and only an interaction between the two library peptides restores the enzyme activity which is crucial for cell survival under selective conditions. Introduction of a mutation at the DHFR interface (I114A) was used to increase selection stringency where indicated (Pelletier et al., 1998) . (c) Overview of the library design depicted as a helical wheel plot from the N to the C terminus (inside to outside). The black residues correspond to the original residues from c-Jun (library A) and c-Fos (library B). Changes introduced by the design are in blue. The randomized positions are in red (*, equimolar mixture of Q, E, K, R; Â, equimolar mixture of N, V) and are boxed with the same colors as used in (a). The selected residues from the predominant pair, WinZip-A1B1 (clone 1 in Table 3 ), are next to the randomized positions in the respective boxes. murine dihydrofolate reductase (mDHFR). Only cognate interaction between members of both libraries can reassemble the functional recombinant murine DHFR. This activity is essential for propagation of E. coli in minimal medium in the presence of trimethoprim, which selectively inhibits the prokaryotic DHFR.
By applying three different stringencies of selection, three sets of selected sequence pairs were obtained, and the most stringent selection was dominated by one pair, named WinZip-A1B1 (Pelletier et al., 1999) . Sequence comparison revealed a very strong selection for Asn pairs in the core a position over Val-Val or Val-Asn combinations, suggesting a parallel, dimeric association of the helices. An increase of opposite-charged interactions and a decrease of same-charged interactions in the e/g pairing of the populations obtained, which on the whole is consistent with the current view of coiled coils, led us to conclude that we had indeed selected for heterodimeric coiled coils. However, this still remained to be proven by biophysical analysis of the dominant pair, WinZip-A1B1. Furthermore, we were still lacking information on whether the selection system was able to not only select for stability but also for heterospeci®city.
Here, we describe a detailed analysis of pairs obtained from the three different stringency selections and a biophysical characterization of the selected heterodimeric peptide in comparison to the homodimers of its constituting peptides. This has enabled us to rank positions and types of interhelical interactions with respect to their importance, revealing deeper insight into the selection process and into coiled-coil interactions. Interestingly, the selected pairs revealed a more complex interaction pattern than used in rationally designed coiled coils. The predominant pair WinZip-A1B1 from the most stringent selection was characterized as synthetic peptides with a series of biophysical techniques. These in vitro data are in excellent agreement with the trends extracted from the sequence analysis of the in vivo selections and led us to conclude that we have obtained a novel heterospeci®c and metabolically stable coiled coil.
Results
Our goals were to understand the driving forces of heterospeci®c coiled-coil interactions and ultimately, to select for a metabolically stable dimeric coiled coil with high heterospeci®city. Two libraries were designed to meet the requirements of genetic diversity to prevent recombination, high helix stability and a high probability of complementarity, all within a reasonable library size (Figure 1(c) ). While the libraries had been used in a previous proof-of-principle of the selection system (Pelletier et al., 1999) , we focus here on issues of the library design which are essential for understanding the sequence and biophysical analysis of the selected pairs.
Library design
As templates for the outer, solvent-exposed residues (positions b, c, f) we chose the leucine-zipper regions of the proto-oncogenes c-Jun and c-Fos for library A and library B, respectively. This study minimized potential recombination despite the repetitive pattern of the heptads (for reviews of cJun and c-Fos, see Curran & Franza, 1988; Ransone & Verma, 1990) . Indeed, no recombination was found in any of the 80 clones sequenced. We chose a helix length of 4.5 heptads as a good compromise between stability and size. For the hydrophobic core residues (positions a, d) we chose the residues of the parallel, homodimeric leucine zipper GCN4 (Val at a, Leu at d). These are commonly found in all coiled coils. A single a position in the middle of each helix is often occupied by a polar residue, most often Asn, which forms a hydrogen bond inside the hydrophobic core (O'Shea et al., 1991; Junius et al., 1995) . Replacement of this Asn pair by a non-polar one increases the stability signi®cantly, but leads to helices packing in different registers and orientations, as well as forming higher-order oligomers (Potekhin et al., 1994; Lumb & Kim, 1995; Ogihara et al., 1997) . Since we could not ascertain a priori whether higher speci®city or stability would be more advantageous, we included both by allowing Asn and Val at the core a position with equal probability. A dif®cult problem in library design is to encode only the desired amino acids with a predetermined ratio. We solved this problem by using de®ned trinucleotide mixtures in the oligonucleotides, where each trinucleotide codes for one speci®c amino acid (Virneka È s et al., 1994) .
The solvent-accessible residues at the e and g positions can form interhelical salt bridges or hydrogen bonds which can contribute to stability and heteromeric speci®city (O'Shea et al., 1993; John et al., 1994; Krylov et al., 1994; Zhou et al., 1994) . Based on these results and on commonly occurring amino acids at these positions (Cohen & Parry, 1990; , we simultaneously randomized all eight e and g positions with equimolar mixtures of Gln, Glu, Lys, Arg, also using trinucleotide codons in DNA synthesis. Including the Asn-Val combination at the core a position, each library had a theoretical diversity of 1.3 Â 10 5 .
To increase the stability of the helices, we introduced helix capping residues in both libraries to saturate the missing hydrogen bonds at the helix ends with their side-chains. Based on studies of helix capping propensities in proteins (Richardson & Richardson, 1988; Dasgupta & Bell, 1993) and peptides (Chakrabartty et al., 1993; Doig & Baldwin, 1995) , we chose T-X-X-Q (N-cap-N1-N2-N3) for library A, and S-X-X-E for library B. In both cases, the N-cap side-chain (T, S, respectively) should form a hydrogen bond with the N3 amide hydrogen (Q, E, respectively), and the N3 sidechain should form a hydrogen bond with the Ncap amide hydrogen. The C-cap has only a minor effect on helix stability (Chakrabartty et al., 1993) . As Gly has a high preference for the C-cap position (Richardson & Richardson, 1988; Dasgupta & Bell, 1993) , we added a C-terminal glycine. This may contribute to helix termination or extend the linker which connects the coiled coil to the DHFR fragments (Figure 1(b) ).
Library screening strategy
Clones resulting from the three selection strategies (Pelletier et al., 1999) with increasing stringencies (see Materials and Methods) were analyzed and compared: (i) lowest stringency, 14 clones analyzed (Table 1) ; (ii) medium stringency, 25 clones analyzed (Table 2) ; (iii) highest stringency, 41 clones analyzed from various passages ( Table 3) . The last passage (P12) yielded a population domi- Table 1 . Sequence pairs selected in the lowest stringency selection (single-step selection using wild-type DHFR fragments) Table 2 . Sequence pairs selected in the medium stringency selection (single-step selection using DHFR-I114A)
nated by a single pair of coiled-coil sequences, WinZip-A1B1 (Figure 1(c), clone no. 1 in Table 3 ), which was biophysically analyzed (see below). By comparing the selected clones from the three strategies, we analyzed the preferences for the core a position (Pelletier et al., 1999) , the distribution of e/g pair combinations and the presence of any bias for certain amino acids within the individual helices as detailed below.
Selection for stability and specificity
All selected clones must form a heterodimer to reconstitute DHFR activity. However, the heterospeci®city, and thus the ratio of heterodimers (library A/library B) to homodimers (library A/library A and library B/library B) can vary. The homodimers cannot reconstitute active enzyme, and may``titrate out'' fragments from functional assembly. Accumulation of non-functional protein might even be harmful. However, a mixture of homo-and heterodimers may generate suf®cient amounts of active enzyme to survive under low stringency conditions, but not under competitive growth conditions (high stringency selection).
We analyzed the average occurrence of all e/g-pair combinations in the heterodimers and the putative homodimers arising from the various selections. In a parallel helix arrangement, six e/g-pair interactions (g 1 -e (Figure 1(a) ). The e/g interactions can be potentially attractive
The average of each interaction type in the entire population arising from each selection is reported in relation to the random statistical distribution (25 % attractive, 44 % neutral, 31 % repulsive) (Figure 2) .
The selected heterodimers (Figure 2(a) ) show on average more attractive and less repulsive interactions than expected in a random population, indicating selection for stability. This trend, although increasing with higher stringency, is already observed in the lowest stringency selection, indicating that a certain threshold of stability is needed to induce enzyme complementation. Selection for heterospeci®city is achieved by destabilizing the homodimers (Figure 2(b) ) relative to the heterodimer (Figure 2(a) ) and is mainly observed in the medium and highest stringency selections using the destabilizing I114A DHFR[2]-mutant. Interestingly, this effect is more pronounced for library A homodimers than for library B homodimers (data not shown), and the biophysical characterization of WinZip-A1B1 indicated that the library A homodimer is more stable (see below), and thus might have a stronger in¯uence on titrating out fragments than the library B homodimer. However, it is worth noting that the predominantly selected pair, WinZip-A1B1, contains two repulsive e/g interactions. Thus, while an enrichment of attractive interactions is seen in the library-versus-library population, the complete absence of repulsive interactions is obviously not a requirement for the most ef®cient performance among the library pool members. Furthermore, in the medium as well as in the highest stringency selection, 13 out of 38 pairs sequenced had no repulsive e/g pairs, but none competed successfully against WinZip-A1B1 in the selection.
To determine the degree of heterospeci®city achieved in the various selections, the relative stability of heterodimer versus homodimer was estimated for each single clone. We calculated the difference of attractive or repulsive interactions, respectively, between the heterodimer and the average of the two corresponding homodimers (Figure 3) . The results clearly show that heterospeci®city is achieved not only by a decrease of repulsive interactions but also by an increase of attractive interactions in the heterodimer relative to 
The frequency and distribution of each clone in passages 12 and 10 is shown. Clone 6 also was found twice in P8; clones 2 and 7 were each found once in P6; clone 11 was found twice in P4; clones 12 and 13 were each found once in P2.
b Sequence of library A:
the homodimers. However, the lowest (Figure 3(a) ) and medium stringency selection (Figure 3(b) ) yielded still a certain fraction of pairs with no difference or even a reversed ratio, whereas the highest stringency selection (Figure 3 (c) and (d)) exclusively yielded pairs with distinct heterospeci®city. In addition, in no case were more than three repulsions found in the heterodimers, although in a random combination 8 % of all pairs should have four to six repulsions. Thus, the data indicate that a certain threshold of stability is needed for successful enzyme complementation, and that heterospeci®city is the most important selection criteria in the more stringent selections. The importance of speci®city was also observed in the core a position (as described by Pelletier et al., 1999) . The strong selection for Asn pairs at this position (57 % of 14 pairs analyzed from the low stringency selection, 92 % of 25 pairs from the medium and 100 % of 41 pairs from the highest stringency selection) indicated that the speci®city gained by this polar interaction seems to be a very important feature, since it clearly out- Figure 2 . Deviation of observed e/g interactions in the selected heterodimer (a) and the two putative homodimers (b) from the statistically expected distribution in the absence of selection. Interactions are potentially attractive (E-K, K-E, E-R, R-E; hatched bars), neutral (Q-Q, Q-E, E-Q, Q-K, K-Q, Q-R, R-Q; grey bars) or repulsive (E-E, K-K, K-R, R-K, R-R; black bars). Low stringency selection: clones (n 14, Table 1 ) were subdivided into those with an N-N pair in the core a position (n 8) and those with an N-V or V-V pair (n 6). Medium stringency selection: only clones with an Asn pair in the core a position were considered (n 23, clones 1-23 in Table 2 ). High stringency selection: clones which survived the competition selection at least up to passage 10 (clones 1-10 in Table 3 ) were considered. These were analyzed counting each sequence once (not weighted, n 10) or according to their frequency of appearance (weighted, n 37). For example, the high stringency selection yielded in total 82 attractive (opposite charges) interactions in the 37 sequences analyzed. In a random distribution (37 pairs with six e/ g interactions each), 25 % or 55.5 e/g interactions would be expected to be attractive (opposite charges). Thus, the observed number of attractive pairs exceeds the statistically expected one by 48 %. weighs the more energetically stable Val pairs even in the low stringency selection.
Positional distribution of the selected amino acids
Intrahelical electrostatic interactions can in¯u-ence stability and may even promote selection of apparently repulsive e/g pairs. Interactions with the helix macrodipole, for example, can modulate stability in coiled coils (Kohn et al., 1997) . Indeed, we observed a bias for negatively charged and neutral amino acids in the N-terminal part and positively charged amino acids in the C-terminal part (Figure 4 ). This positional preference may at least partially compensate the loss of stability resulting from a repulsive e/g interaction. In addition, interactions with adjacent residues on the outside of the helix (b and c positions) may in¯u-ence the contributions of charges at the e and g positions (Yu et al., 1996) . This may explain why at position e1 in library B (compare e1 in Figure 4 (b) with e1 in Figure 4 (a)) a negatively charged amino acid is not favored, contrary to the expected counterbalancing of the helix dipole, since this position is adjacent to two aspartate residues in positions b1 and b2. On a more general note, the predominantly selected sequence with the residues from cJun at the outer positions (WinZip-A1, selected from library A) bears remarkable similarity to the e and g sequences in the naturally occurring c-Jun (compare WinZip-A1: E-K; R-Q; K-R; R-Q, with c-Jun: E-K; K-Q; A-T; R-Q; order of residues shown, e1-g1; e2-g2; e3-g3; e4-g4).
Library complexity
Although the predominantly selected sequence pair WinZip-A1B1 showed all the desired properties in vivo as well as in vitro (see below), we were not able to cover all theoretical library-versuslibrary combinations in our selection. Nonetheless, we covered all possible electrostatic interaction combinations (/ , À/ À , / À , /n, À/n, n/n; n neutral) in all six interacting e/g positions, when grouping the core a position into favored (Asn-Asn) or disfavored (Asn-Val, ValVal) combinations. This reduces the theoretical library size of 1.7 Â 10 10 possibilities to 9 Â 10 4 possibilities of different charge combinations relevant for the presented studies. This number was well covered by the experimental library of 2 Â 10 6 . It is therefore likely that WinZip-A1B1 contains the most important features for stability and heterospeci®city, although further optimization may be possible. Furthermore, the random probability of ®nding pairs with no repulsive interactions was 1:40, and with solely attractive interactions was 1:1.6 Â 10 4 . Thus, our selection covered a representative sequence space and the same-charged interactions in WinZip-A1B1 are not a result of incomplete library sampling but must result from more subtle reasons, including in vivo factors that we cannot fully address with theoretical considerations.
Secondary structure and oligomerization state of the predominant pair WinZip-A1B1
We investigated the stability and speci®city of the predominantly selected peptides WinZip-A1 and WinZip-B1 alone and in an equimolar mixture (WinZip-A1B1). All experiments were performed with N-acetylated and C-amidated synthetic peptides. All peptides formed stable a-helical coiled coils as demonstrated by CD-spectra ( Figure 5(a) ). The helical content was in the range of 90 % (WinZip-B1) to 100 % (WinZip-A1 and WinZip-A1B1). Peptide WinZip-A1 (data not shown) as well as the mixture WinZip-A1B1 ( Figure 6 ) were dimeric at 10 C and 25 C over a concentration range from 10 to 150 mM as determined by equilibrium sedimentation. WinZip-B1 was partially unfolded as seen both by CD (Figure 5(a) ) and equilibrium sedimentation (data not shown), which indicated a mixture of monomers and dimers, with decreasing amount of dimer at increasing temperature.
Structural stability and heterospecificity
Thermal denaturation studies at neutral pH and 150 mM total peptide concentration ( Figure 5 Library-versus-Library Selection of Coiled-coil Pairs mixture of both (WinZip-A1B1). The large difference between the denaturation curve of the heterodimer and the average of the curves from WinZip-A1 and WinZip-B1 indicates that heterodimers form preferentially at equilibrium. This high heterospeci®city is best re¯ected in a large and positive Át m value, and indeed, we observed a Át m of 16.5 deg. C.
To probe the mechanism of speci®city, the effects of pH (Figure 5(c) ) and ionic strength ( Figure 5(d) ) were investigated. All peptides were more stable at high pH, most likely because all have at least one e/g pair with two positive charges which are neutralized at high pH. The increased stability of WinZip-B1 at low pH could be due to the shielding of electrostatic repulsions resulting from its high concentration of acidic residues. However, the Át m is positive over the whole pH range, indicating heterospeci®city. The maximum degree of heterospeci®city was observed at neutral to slightly basic pH, consistent with the intracellular pH of E. coli, which is between pH 7.5 and 7.9 (Oliver, 1996) . High salt concentrations increased the absolute t m values ( Figure 5(d) ), presumably due to increased hydrophobic interaction and reduced electrostatic repulsion. However, the Át m is reduced compared to low salt concentrations (0-100 mM), most likely due to the decreased in¯uence of ionic interactions at higher ionic strength.
Interestingly, the overall stability did not correlate directly with the number of potentially repulsive e/g interactions. The homodimer WinZip-B1 has two same-charged ion pairs, but is signi®cantly less stable than the homodimer WinZip-A1 with four same-charged pairs (Figures 5(b) and 8) . Since the overall helical propensity is comparable for both peptides, estimated according to the scale described by O'Neil & DeGrado (1990) , the stability difference is probably due to intrahelical interactions. Library B might be destabilized by its high local concentration of acidic residues at the N terminus. This may also explain why library A homodimers from the selected heterodimer pairs have generally more repulsive and less attractive e/g interactions than library B homodimers, since the e/g positions play a more important role in the destabilization of the intrinsically more stable library A in order to reduce homodimerization.
Heterospeci®city also was observed by native gel electrophoresis (Figure 7) . To obtain a signi®-cant migration, an acidic buffer (pH 4.5) had to be used. Under these conditions where the heterospeci®city is the lowest (Át m of only 7 deg. C, compared to 16.5 deg. C at neutral pH, Figure 5(c) ). Nevertheless, even under these stringent conditions, heterodimers were obtained almost exclusively from the equimolar mixture (Figure 7) , suggesting very high heterospeci®city at neutral (b)). The Át m was calculated as the difference between the t m of the heterodimer and the averaged t m of both homodimers. It must be noted that thermal denaturation of WinZip-A1 was not completely reversible at 1 M salt concentration, and only 71 % of the starting signal was regained.
pH, and thus indicating how strongly heterospeci®city was selected.
Dissociation constants of the peptides were derived from equilibrium urea denaturations (Figure 8 ). The heterodimer WinZip-A1B1 was the most stable species, with a K D of approximately 24 nM. The homodimer WinZip-A1 had a K D of approximately 63 nM. The accuracy of the K D determination of WinZip-B1 is lower since it is partially unfolded without denaturant (see above). The K D of WinZip-B1 was estimated to be in the 10 À5 M range. Calculations were con®rmed by determining the K D values from thermal denaturation curves by a van't Hoff analysis, assuming as a ®rst approximation a constant ÁH (Becktel & Schellman, 1987) . We found reasonable agreement to the data obtained by urea denaturation with a maximal deviation of K D by a factor of 2.6 (WinZip-A1B1, $64 nM; WinZip-A1, 137 nM; WinZip-B1, 10 À5 M range).
Comparison to other coiled coils
Designed coiled coils usually are judged only for being stable in vitro and, in certain cases, for heterospeci®city, whereas naturally occurring coiled coils also must function reliably in a cellular environment. Similar demands are imposed during our Library-versus-Library Selection of Coiled-coil Pairs selection and in further in vivo applications, and therefore WinZip-A1B1 is compared best with peptides from other naturally occurring coiled coils. The homodimeric coiled coil of the yeast transcription factor GCN4 has an equal to slightly higher t m , depending on the length and concentration of the peptides chosen (Thompson et al., 1993; Lumb et al., 1994) . The N-terminal, homodimeric coiled coil of the APC protein has a t m lower by at least 9 deg. C than WinZip-A1B1, even though the characterized peptide of APC was longer and more highly concentrated (Joslyn et al., 1993) et al., 1992) . However, those data were derived from disul®de-bridged peptides, and thus represent an intramolecular reaction, whereas we observed a true intermolecular reaction. Thus, WinZip-A1B1 compares favorably with naturally occurring coiled coils and will therefore be very useful for a variety of in vivo applications.
Discussion
We applied and analyzed a fast and simple strategy, a library-versus-library selection with the fragment complementation assay, to select for a metabolically stable, dimeric and highly heterospeci®c coiled coil with high af®nity. Comparison of the outcome of various selections performed with different stringencies revealed insight into which properties are selected already at lower stringency, and are thus the most crucial for successful heterodimerization, and those which only become apparent at higher selection stringency, and thus represent a more subtle optimization. The most striking selection occurred at the core a position for Asn pairs, revealing that structural uniqueness is essential for ef®cient and selective heterodimerization. Furthermore, comparison of selected e/g pairs from heterodimers and putative homodimers indicated selection for stability even at the lowest stringency, whereas selection for heterospeci®city was more pronounced at higher stringency. Heterospeci®city was achieved not only by decreasing the numbers of repulsive e/g interactions but also by increasing the number of attractive interactions in the heterodimer relative to the homodimers.
The selection for heterospeci®city (and thus against homodimers) may be a unique feature of this selection system. Not only is active enzyme exclusively formed by parallel heterodimers, but homodimers and higher-order oligomers are likely to have a negative effect by unproductively wasting fragments, and perhaps accumulation of nonfunctional enzyme may even be harmful. Dimer stability, in turn, depends not only on e/g pair interactions, but also on helical propensity, intrahelical interactions and helix dipole stabilization. Indeed, our analysis revealed that the most successful variants do not simply contain complementary charges in the e/g positions, but show a more complicated pattern, presumably ful®lling a variety of naturally con¯icting demands on the sequence. This optimum would have been extremely challenging to predict.
The biophysical characterization of the predominantly selected pair WinZip-A1B1 revealed the formation of a stable, dimeric coiled coil with very high heterospeci®city. These results con®rmed the sequence analysis and the validity of the selection strategy. The heterodimer was found to be the most stable species ( Figure 5 ) and formed almost exclusively from an equimolar mixture of both homodimers (Figure 7) . The homodimer WinZip-B1 is relatively unstable, whereas the homodimer WinZip-A1 is almost, but not quite, as stable as the heterodimer. This behavior is very similar to Jun/ Fos-heterodimerization (O'Shea et al., 1989) . Currently, we are analyzing the biophysical results of chain shuf¯ing experiments, in which either one of the helices of WinZip-A1B1 was kept constant and selected against the entire library of complementary helices. According to preliminary results the observed e/g interaction pattern is similar to that of WinZip-A1B1, supporting the view that idealized sequences, based on the single principle of merely relieving repulsive e/g interactions in the homodimers with complementary charges in the heterodimer, may not be optimal for biological applications.
In conclusion, the identi®cation of the heterodimeric coiled coil WinZip-A1B1 demonstrated that the combination of designed well-understood features in the helices, together with the combinatorial`® ne tuning'' of more subtle interactions along and across the helices, is a very powerful technology, and is probably the most fruitful strategy for the design of heterodimeric peptides currently available.
Materials and Methods

Library synthesis
Trinucleotide codons (Virneka È s et al., 1994) H (NNN equimolar mixture of the trinucleotides AAG (Lys), CAG (Gln), GAG (Glu), CGT (Arg); XXX equimolar mixture of the trinucleotides AAT (Asn), GTT (Val)). Generation of the second strand and introduction of SalI and NheI restriction sites were achieved by PCR using the primers prA-fwd, 5
H -GGAGTACTGGCATGCAGTC- 6 double-transformants. We observed a cotransformation rate of approximately 50 % when using 0.5 mg of DNA for each plasmid (Pelletier et al., 1999) . Sequencing of individual clones prior to selection revealed an equal distribution of amino acids at the randomized positions, and 70-80 % of each library was without frameshifts. Thus, the experimental library-versus-library size of correct pairs is estimated as 2 Â 10 6 .
Selection procedure
The lowest and medium stringency selections used the single-step protein complementation assays as described by Pelletier et al. (1998) , where cells cotransformed with complementary libraries were directly plated on selective medium plates (M9 medium with 1 mg/ml trimethoprim), and resulting colonies were analyzed. The lowest stringency selection used the wild-type DHFR fragments, the medium stringency selection used the destabilizing I114A mutation in DHFR[2] which occurs at the interface between both DHFR fragments. In the highest stringency selection (competition selection; Pelletier et al., 1999) , the clones resulting from the medium stringency selection were pooled and cultured in liquid medium under selective conditions over 12 passages (serial transfers). The most stable heterodimers should result in higher mDHFR activity and thus provide a growth advantage. DNA sequences were obtained by automated sequencing.
Peptide synthesis and purification
The peptides WinZip-A1, Ac-STTVAQLEEK-VKTLRAQNYELKSRVQRLREQVAQLAS-NH 2 , and WinZip-B1, Ac-STSVDELQAEVDQLQDENYALKTK-VAQLRKKVEKLSE-NH 2 , were synthesized using solidphase methodology with an Applied Biosystem 431A automated syntheziser. Both peptides were acetylated at their N terminus and amidated at their C terminus in order to closer resemble the conditions in the DHFR fusions. In addition, to allow helix capping and increase solubility rather than starting and ending with a hydrophobic amino acid, three N and two C-terminal residues were added. Those amino acids are identical with those preceding and succeeding the coiled coil sequence in the fusion protein. Peptide resin cleavage and peptide deprotection were accomplished in a single step using reagent K (King et al., 1990) for four hours at room temperature. The crude peptide material was puri®ed by reversedphase HPLC on a semipreparative (1.0 cm Â 25 cm) C18 column (Vydac, CA) using linear gradients of acetonitrile in water, both containing 0.1 % TFA. Identity and purity of the peptides was con®rmed by electrospray mass spectrometry. The observed mass deviation was less than 1 Da for both peptides (data not shown). Peptide concentrations were determined by tyrosine absorbance in 6 M GdnHCl (Edelhoch, 1967) .
Circular dichroism measurements
CD studies were performed with an Aviv model 62DS spectrometer. Spectra of each peptide alone as well as of the respective equimolar mixture were measured at 5 C using a total peptide concentration of 150 mM in a 1 mm cuvette. The standard buffer was 10 mM potassium phosphate (pH 7.0), 100 mM KF; salt concentration and pH were varied as indicated for the respective experiments. Thermal denaturations were measured at 222 nm from 0 C to 97.5 C in steps of 2.5 deg. C (two minutes equilibration, 30 seconds data averaging). Thermal transitions were >91 % reversible except where indicated. Apparent t m were determined by least-squares curve ®t-ting of the denaturation curves (Becktel & Schellman, 1987) , assuming a two-state model (folded dimer, unfolded monomer). 
Equilibrium sedimentation
Equilibrium sedimentation experiments were performed using a Beckman XL-A Ultracentrifuge equipped with absorbance optics and a Beckman AN-50 rotor. Samples were extensively dialyzed against 10 mM potassium phosphate buffer (pH 7.0), 100 mM KCl and loaded at three concentrations (10, 50, 150 mM) into a sixhole centerpiece and centrifuged at 40,000 rpm for at least 24 hours at 10 C and 20 C. Five to seven data sets were obtained at 220 nm and 275 nm. Partial speci®c volumes and solvent densities were determined as described (Laue et al., 1992) . The data sets were ®tted to single molecular masses of monomer, dimer and trimer.
Native gel electrophoresis Gels (7.5 % (w/v) polyacrylamide (19:1 (w/w) acrylamide/bis-acrylamide), 375 mM b-alanine acetate buffer, pH 4.5) were run with 500 mM b-alanine acetate buffer (pH 4.5). Samples ($10 mg peptides per lane) were twofold diluted with 600 mM b-alanine acetate (pH 4.5), 0.2 % (w/v) Methyl green, 30 % (v/v) glycerol. Gels were Library-versus-Library Selection of Coiled-coil Pairs prerun at 100 V for at least 45 minutes and run for two to three hours at 5 C. The electrodes were reversed compared to SDS gel electrophoresis, since all peptides were positively charged under the conditions chosen. Gels were ®xed with 2 % (w/v) glutaraldehyde or 20 % (w/v) TCA, respectively, before staining with Coomassie blue.
